Structural changes of the brain have been detected in many early-onset eye diseases, whereas little is known about whether changes could occur if the onset age is after the sensitive development period. High Myopia is a prime example of neural plasticity after development, whose case history is usually long. To investigate potential morphological changes in the brain of high myopic patients, we compared a group of 30 adults with high myopia and 30 control subjects using high-resolution anatomic MRI in combination with vision tests. No difference in gray matter (GM) concentration was detected. However, increased concentration of white matter (WM) was observed in patients with high myopia, primarily in the calcarine area. Another three comparatively smaller regions were in the prefrontal and parietal lobe. It can be inferred that cortices developed normally and refractive error in high myopic patients may be compensated by strengthening the correlation between visual cortex and visual related areas. Our study suggests that besides early-onset diseases, the late-onset eye diseases can also affect the structure of brain.
Introduction
As the most common eye disorder, the prevalence rates of myopia have increased dramatically in the past decades in many regions of the world (Dayan et al., 2005; Muñoz et al., 2002; Wensor, McCarty, & Taylor, 1999) , especially in Asia (He et al., 2004; Lin et al., 2004; Saw et al., 2005) . High myopia (sometimes known as pathological myopia) is usually defined as refractive error equal to or above À6 diopter (D) in either eye. It is a progressive condition which can create problems because of its association with degenerative changes at the back of the eye. According to WHO, it has become one of the major causes of blindness and visual impairment today (Pararajasegaram, 1999) . However, the etiology or mechanism underlying this abnormal ocular growth is still unclear. It is generally recognized that myopia is a complex trait influenced by environmental and genetic factors and their interactions (Young, Metlapally, & Shay, 2007) . Previous studies have shown decreased corneal hysteresis (Shen et al., 2008) , reduced thickness of the retina (Abbott et al., 2011; Wolsley et al., 2008) , and impaired retinal adaptation (Ho et al., 2011) in high myopic patients.
Most of the MR studies related with high myopia are concentrated on the structural changes in the orbital cavity, such as ocular shapes (Akizawa, Yasuzumi, & Tanaka, 2002; Moriyama et al., 2011) , displacement of the posterior part of the eyeball (Akizawa & Masahiro, 2006; Akizawa, Yasuzumi, & Ida, 2004; Aoki et al., 2003) , and shifts of the extraocular muscles (Kohmoto, Inoue, & Wakakura, 2011; Krzizok, Kaufmann, & Traupe, 1997; Krzizok & Schroeder, 1999 . However, there are few studies about structural changes in the brain in high myopic people as a result of the subject's refractive error. The brain is an indispensable part for the visual awareness of a clear image. Diseases of the eye may accompany with changes of the brain activity. Structural abnormalities have been observe in several eye diseases (Barnes et al., 2010; Berman & Payne, 1983; Mendola et al., 2005; Xiao et al., 2007) . For example, Noppeney's (Noppeney et al., 2005) research indicated that early blind had decreased gray (GM) and white matter (WM) volumes in the visual system and increased WM volumes in the sensory-motor system. It should be noted that most of the diseases studied are early-onset. Little is known about whether there would be any structural changes of the brain if the onset age is not in the sensitive development period, but later. Myopia is a prime example of neural plasticity after development, especially high myopic patients, whose case history is usually long, as most of myopia is developed with ages.
To investigate potential morphological changes in the brain of myopic patients, we used high-resolution anatomic MRI in combination with vision tests to compare a group of adults with high myopia and control subjects. An automated and unbiased method called voxel-based morphometry (VBM) (Ashburner & Friston, 2000 , 2001 ) was employed to analyze the anatomical brain images.
Methods

Subjects
Sixty graduate students with no history of neurological or psychiatric disorders participated in this study. They were all righthanded and recruited from Tianjin Medical University. The best corrected visual acuity of 30 high myopic subjects (at least À6D of either eye; 6 males, aged 18-25) was 1.0 or better and their onset ages of myopia were at least 9 years old. The subjects had no history of eye surgery nor do they have other treatment except glasses or contact lenses. The control group contains 30 normal sighted subjects (14 males, aged 21-25), whose uncorrected visual acuity were at least 1.0. They do not have ever had other eye diseases or trauma. Furthermore, no participants have family history of high myopia. Written informed consent was obtained from each participant, and all protocols were approved by the ethics committee of Tianjin Medical University.
The patients' information was listed in Table 1 and independent sample t test showed that there is no significant difference (P > 0.05) between the two groups in age and education level. In the high myopia group, four subjects are monocular high myopia and the rest are binocular myopia. However, no matter before or after correction, there is no significant difference in visual acuity between the left and right eye (P > 0.05, the detail information is shown in Table 2 ).
MR data acquisition
MR images were acquired on a Signa HDx 1.5 Tesla MR scanner (GE Medical Systems). Head motion was minimized with restraining foam pads offered by the manufacturer, and scanner noise was reduced with ear plugs. Conventional axial T 2 -weighted images were obtained previously to rule out the presence of any detectable brain lesions. 
Data processing
The original SPGR brain images were analyzed using VBM module within the analysis software package SPM2 (http://www.fil.ion.ucl.ac.uk/spm) running in MATLAB 6.5. The VBM was performed as described in Mechelli (Mechelli et al., 2005) . First, the original structural MRI images in native space were segmented. The resulting GM and WM images were then spatially normalized to GM and WM templates respectively to derive the optimized normalization parameters. These parameters were then applied to the original, whole-brain structural images in native space prior to a new segmentation. This recursive procedure, also known as ''optimized VBM'', could reduce the misinterpretation of significant differences compared to ''standard VBM''. The segmented GM and WM images were smoothed using a 12-mm full-width half-maximum isotropic Gaussian kernel.
Statistical analysis
Conjunction analyses between high myopia and normal vision groups were performed to obtain the statistical parametric maps of the relative concentration of GM and WM (i.e. the proportion of GM and WM to all tissue types within a region). We compared the relative concentration differences of GM and WM between high myopia and normal vision groups using a two sample t-test with a voxel-wise intensity threshold of P < 0.001 (uncorrected) at a cluster level of 30 voxels. The location and intensity of significant differences between two groups were listed in terms of region names, peak coordinates according to Montreal Neurological Institute (MNI) space, cluster size and t value.
Results
The statistical parametric map showed that there was no statistically significant difference in GM concentration between high myopia and normal vision group.
The differences in WM concentration between high myopia and normal vision groups were showed in Table 3 . Compared with normal vision group, no statistically significant WM reduction was detected (P < 0.001, uncorrected) in high myopic group. In contrast, significant WM increases were observed, especially in the left calcarine area (near BA 17, 18, Fig. 1 ). Another three comparatively smaller regions were located in right parietal lobe (the region around the intraparietal sulcus, Fig. 2 ) and right prefrontal area (including WM in the medial orbital frontal area and the superior frontal area, Fig. 3 ).
Discussion
The study indicates for the first time that visual cortex of adults with high myopia is associated with morphological changes. Although there was no significant difference in GM concentration, the WM concentration augmented in high myopia, and the most prominent region was the calcarine area. Another three comparatively smaller regions were in the prefrontal and parietal cortex. These findings suggest that late-onset diseases of the eye also affect the structure of brain, but in a different pattern with the early-onset diseases.
From embryonic point of view, the eye, especially the retina, can be seen as extension of the cerebrum. Furthermore, for a normal visual acuity, intact cortex is a necessity. Disease of the brain can affect the vision, such as cortical blindness (Das & Huxlin, 2010; Romano, 2009) , and vice versa, disease of the eye can also affect the structure of visual related brain, which has been confirmed in amblyopia (Mendola et al., 2005) , strabismus (Berman & Payne, 1983) and early blindness (Noppeney et al., 2005) . In these studies, decreased GM volumes in the visual system were reported (Barnes et al., 2010; Berman & Payne, 1983; Mendola et al., 2005; Noppeney et al., 2005; Xiao et al., 2007) . They interpret the reduction as a result of the subject's visual defects and abnormal visual experience during developmental critical periods, which leads to structural changes in visual portions of the brain. However, our data, derived from studying high myopic subjects using VBM, did not show significant changes of GM concentration. It may provide neuroanatomical evidence of normal visual cortex in human with late-onset myopia. All of our myopic subjects developed the disease after 9 years old, which were after the developmental critical periods. Therefore, they had the normal visual experience and the development of visual cortex was not affected. In line with the findings in early blind (Noppeney et al., 2005) , significant augmentations of WM concentration were detected in high myopic patients in our study, which, we suppose, may reflect compensatory changes of nerve fibers. In the early blind, higher WM volumes were found in the sensory-motor system. As discussed above, the visual system, both the visual areas and optic radiation are abnormally developed in early blind, and information from other systems, such as the sensory experience shapes structural brain organization. In contrast, intact GM of high myopia was observed in our study. Consequently, the WM concentration increased in visual and visual related systems, among of which, calcarine area was the most prominent. As in the high myopia, collimated light produces image focus in front of the retina. There is not enough information about the image being transferred to the visual cortex. The compensatory strengthened connectivity with other areas may be helpful in gathering visual information.
Activation of primary visual cortex by a visual stimulus is not sufficient to evoke awareness (Chawla, Rees, & Friston, 1999; Rees, 2001; Rees et al., 2000) , other areas, such as prefrontal, posterior parietal and temporal regions also play critical roles (Bartels & Zeki, 2004; D'Esposito et al., 1995) . Human visual cortex is organized into two anatomically distinct and functionally specialized ventral and dorsal processing pathways for object and spatial vision, respectively (Haxby et al., 1991) . Both processing streams have reciprocal connections with the prefrontal cortex. The prefrontal cortex may serve to integrate and inversely, has a top-down modulation of the visual cortex (Kastner & Ungerleider, 2000; Ungerleider, Courtney, & Haxby, 1998) . The parietal lobe is related with visual-spatial processing and attentional modulation (Kastner & Ungerleider, 2000) . Higher WM concentration in prefrontal area and parietal area in our study may be through their connections with visual cortex. It can be inferred that connections between visual and visual related systems were strengthened for visual awareness. Fiber tracts just play this role. They are plastic, and compensate for the refractive error of corrected myopia, probably by increased myelination (Bengtsson et al., 2005) .
An important and obvious difference compared with earlyonset diseases is that the morphological changes of brain are mainly found in WM in our study. We suppose it is due to the different growth curves of GM and WM. GM volume reaches peak level at an early age, and then followed by constant and linear functional loss throughout adult life. Whereas WM volume increased steadily until adulthood (the reported peak age is different (Ge et al., 2002; Paus et al., 2001; Pfefferbaum et al., 1994) , which may be related to the development of corresponding functions), and thereafter a quadratic pattern of decreasing (Durston et al., 2001; Pfefferbaum et al., 1994) . The onset ages of our subjects were 9-17 years old, a time when GM is almost fully matured, but WM is still in development.
Additionally, human with high myopia may have benefited more than human with amblyopia have from their treatment regimes and corrected visual experiences. Residual amblyopia is common after treatment (Repka et al., 2005 (Repka et al., , 2008 . Even if visual acuity is within normal limits, amblyopic patients have defects in other binocular visual functions, such as stereopsis (McKee, Levi, & Movshon, 2003) . In contrast, such problems do not exist in acquired high myopia. After correction, the high myopia patients have almost normal visual acuity and the GM is less affected as secondary changes, but the WM may have some adaptive changes.
Diffusion tensor imaging (DTI) is an important method for studying WM. It has the potential to noninvasively evaluate the WM integrity and fiber connectivity in vivo. This measure has been used to study the maturity or plasticity in brain WM fiber tracts (Nucifora et al., 2007; Shu et al., 2009; Yu et al., 2007) . The Combination of VBM and voxel-based analysis of DTI may help us to investigate the specific changes in WM from the perspective of fiber tracts. Consequently, the mechanism of brain modification in high myopia can be further clarified. This is also our research orientation and scope in the future. Our study has the limitation that male and female high myopic subjects did not match with each other in number. In order to exclude the effect of gender, we did another two-sample t test analysis. The results showed that there is no gender difference in WM concentration of our subjects. Thus, the increased WM concentration in calcarine area is due to high myopia per se.
Conclusions
For the first time, our study demonstrates structural changes in the brain of late-onset high myopia using VBM, and the changes are in a different pattern with early-onset diseases: GM concentration is almost the same with the normal controls and WM concentration increases in high myopic patients. The normal GM concentration provides neuroanatomical evidence of developmental normality of cortices in human with late-onset myopia. The higher WM concentrations were observed mainly in calcarine area, and smaller regions in prefrontal and parietal lobe. It indicates that refractive error may be compensated by strengthening the correlation between visual cortex and visual related areas. Our study suggests that besides early-onset diseases, the late-onset eye diseases can also affect the structure of brain. VBM is a useful method in providing supplemental information to clinical evaluation and understanding brain reorganization due to visual functional defects.
